We have evaluated the quality of ultrastructural preservation of The trilamellar or unit membrane image of cell membranes has been generally accepted as representing the most realistic view of membrane organization. This image is usually obtained as a result of fixation with osmium tetroxide (OS04) alone (1-3) or after fixation with one of several aldehydes (2, 4-6); however, criticism has accumulated with regard to the use of OS04 as a fixative (4, 5, 7-10). Fixation in glutaraldehyde, which crosslinks amino groups of different proteins (7), seems to be superior to fixation in OS04 in two important respects: (i) the preservation of enzyme activity in histological sections (5) and (ii) the preservation of conformational order in membrane proteins (10). We here present additional evidence, derived from studies with erythrocyte membranes, which supports the contention that OS04 is a poor fixative for membrane proteins and which illustrates what ultrastructural information may be obtained by the use of glutaraldehyde alone as a fixative. A brief account of these studies has been given elsewhere (11). 
lybdate, and uranyl acetate), all but uranyl acetate resulted in fragmentation of membranes and the appearance of small vesicular structures. Further, preservation of gross membrane ultrastructure was greatly enhanced when samples were fixed with either 4.0-5.0% glutaraldehyde or 1% osmium tetroxide (0sO4) before they were stained with uranyl acetate. We then examined the ability of these fixatives to preserve membrane fine structure, as monitored by thin-sectioning procedures. In these studies, fixation with 1% osmium tetroxide (alone or in conjunction with 5% glutaraldehyde) resulted in a trilamellar image about 95 A in width. Fixation with 5% glutaraldehyde alone provided a markedly different result. The membrane now appeared as a single line about 160 A wide with regions of varying electron density throughout. This result suggests that glutaraldehyde used alone may reveal the location of membrane proteins that are obscured or removed by OS04 fixation. This point would seem to be supported by the results obtained when erythrocyte membranes were extracted with 5 mM EDTA after fixation in either 5% glutaraldehyde or 1% OS04. While only 10% of the detectable protein was solubilized from glutaraldehyde-treated erythrocyte membranes, 85% was solubilized from Os04-treated ghosts. Among these latter proteins are three that migrated on Ouchterlony double-diffusion agar plates at the same position as three known proteins with molecular weights of about 200,000. Additional studies indicated that, even during a routine pre-embedding procedure, Os04 led to solubilization of as much as 8 times the amount of protein as glutaraldehyde alone. Although the erythrocyte membrane has a notoriously weak association with its proteins, we feel that our studies provide a cautionary note with regard to the use of OS04 as a fixative in other membrane systems.
The trilamellar or unit membrane image of cell membranes has been generally accepted as representing the most realistic view of membrane organization. This image is usually obtained as a result of fixation with osmium tetroxide (OS04) alone (1-3) or after fixation with one of several aldehydes (2, 4-6); however, criticism has accumulated with regard to the use of OS04 as a fixative (4, 5, (7) (8) (9) (10) . Fixation in glutaraldehyde, which crosslinks amino groups of different proteins (7), seems to be superior to fixation in OS04 in two important respects: (i) the preservation of enzyme activity in histological sections (5) and (ii) the preservation of conformational order in membrane proteins (10) . We here present additional evidence, derived from studies with erythrocyte membranes, which supports the contention that OS04 is a poor fixative for membrane proteins and which illustrates what ultrastructural information may be obtained by the use of glutaraldehyde alone as a fixative. A brief account of these studies has been given elsewhere (11) .
MATERIALS AND METHODS
Human Erythrocyte Ghosts Were Prepared by the procedure of Dodge et al. (12) . The hypotonic wash in 20 milliosmolar phosphate was repeated several times until the remaining packed ghosts were pale white.
Solubilization of Proteins from Erythrocyte Ghosts in Aqueous
Media. Fixed and unfixed erythrocyte ghosts were solubilized in either 5 mM EDTA or distilled water as described (13) . Lowry (14) (ii) Erythrocyte ghosts were fixed and dehydrated as described above. However, the fixed pellets were saved rather than the supernatant washes and were suspended in 0.5 ml of distilled water after completion of dehydration. Protein content before and after treatment was determined.
Protein values for the fixed samples were compared to those derived from unfixed samples treated in the same manner except that 310 milliosmolar phosphate buffer was substituted for the dehydration washes, and the difference was expressed as the % protein solubilized from the pellet. (19) . Fig. 2 shows three samples embedded in Epon 812 resin. Use of the Wright's stain made the glutaraldehydefixed sample (Fig. 2b) as clearly visible as Os04-fixed material (Fig. 2a) . Fig. 2c shows a sample fixed in glutaraldehyde but unstained. The use of Wright's stain did not lead to any morphological changes of glutaraldehyde-fixed ghosts, as monitored by light microscopy and by thin-sectioning electron microscopy. Fig. 3a and b show electron micrographs of thin sections of erythrocyte ghosts obtained after fixation with OS04 and glutaraldehyde, respectively. In both micrographs, intact, unvesiculated ghosts predominate. However, a notable difference is that the glutaraldehyde-fixed ghosts appear to have a thicker membrane than the Os04-fixed material. This comparison is better illustrated at higher magnification (Fig. 4) (13) . The two largest polypeptides represent 40.0% of the total erythrocyte protein content (13) . When antibodies prepared against the four largest erythrocyte proteins were tested by the Ouchterlony immunodiffusion technique against these same proteins, four precipitin bands were observed; proteins solubilized from OsO4-fixed ghosts by 5 mM EDTA formed three major precipitin bands when exposed to the same antiserum. Further, these three bands were continuous with the three fastest migrating precipitin bands of the unfixed EDTA extract. These serological results are consistent with the above reported studies of protein solubility.
RESULTS

Effect of Negative
Preliminary studies were made to further characterize the protein material extracted from ghosts after osmium fixation. When the protein was subjected to electrophoresis (at about 100 ,ug of protein per gel) on 5% or 7.5% Na dodecyl sulfatepolyacrylamide gels and subsequently stained with Coomassie blue, a smear appeared over the top third (high-molecularweight region) of the gels (McMillan and Luftig, unpublished observations). This result persisted after extensive dialysis of the OS04 extract with distilled water or 310 milliosmolar phosphate buffer. The inability to find any specific protein bands may be caused by a tight binding of OS04 to the soluble proteins since 10% trichloroacetic acid, when added to a clear osmium-fixed extract (800 ug/ml of protein), led to precipitation of the protein as a dark-brown pellet.
Having determined that fixation in OS04 allows the solubilization of erythrocyte membrane proteins in aqueous media, we decided to examine the effects of fixation on the removal of membrane proteins during a routine pre-embedding procedure.
Solubilization of Erythrocyte Ghost Proteins During Routine Pre-embedding. An examination of the pooled pre-embedding (14) . On an average, >90% of the starting material could be accounted for as a sum of the supernatant and pellet protein remaining after solubilization.
fixed ghosts revealed that about 40% of the membrane protein had been removed by dehydration (Table 3 ). In contrast, examination of washes from glutaraldehyde-fixed ghosts showed that much less protein had been lost during dehydration. A similar result was seen when membrane pellets, which had been fixed in either OS04 or glutaraldehyde and subsequently dehydrated, were analyzed ( Table 3 ). The 15% protein loss shown for this glutaraldehyde-fixed material probably represents an overestimation since the glutaraldehydefixed pellets were relatively less cohesive than the Os04-fixed pellets and showed a greater tendency to resuspend during removal of the pellet washes. DISCUSSION Several studies have recently appeared supporting the contention that some proteins are located within the erythrocyte membrane (21) (22) (23) (24) . Further, the failure of fragmented ghosts to form vesicles after solubilization of the four highest molecular weight polypeptides (13) suggests that the membrane is not a simple "unit membrane," namely, a bimolecular lipid leaflet with proteins arranged only on the inner and outer surfaces of the membrane. Instead, all of the above studies are consistent with the "fluid mosaic membrane" model (22) , where proteins are an integral component of the membrane (25) and, therefore, does not prevent their extraction by organic solvents during an embedding procedure. Thus, we cannot comment on how much lipid is present in the membrane images of Figs. 3b and 4c and what potential alteration may have been created by their removal. However, the highly crosslinked nature of the proteins after glutaraldehyde fixation gives us some degree of confidence that Fig. 4c may accurately reflect the positions of proteins within the membrane. Ideally, we would prefer a procedure for obtaining thin sections which: (i) uses glutaraldehyde (or another protein-crosslinking agent) as a fixative; (ii) omits the use of organic solvents; and (iii) does not involve using a polymerizing reagent that would displace or denature membrane-associated protein. Two papers were recently published that satisfy the first two of these three criteria (26, 27) . Although both papers showed a typical unit-membrane pattern for several types of membranes, in these studies the fixed samples were exposed to concentrations of urea or a urea analogue at 3.3-5 M for several hours. Such a strong protein denaturant probably has a detrimental effect on the true morphology of membrane-associated proteins.
Obviously, chemical alterations that occur within membranes as a result of various fixation treatments are poorly understood. However, we have shown that in erythrocyte ghost membranes, from which most of the protein can be removed by simply washing in distilled water, fixation with glutaraldehyde alone preserves most of the membrane protein.
In contrast, OS04 fixation allows a large percentage of the protein to be extracted. The images obtained by these fixationprocedures differ greatly in their morphology. Although it is recognized that other membranes in which proteins are more tightly stabilized may not show this difference, we feel that this consideration should be of concern to those interested in localizing membrane proteins.
